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Study  region:  The  Tibetan  Plateau  (TP).
Study  focus:  The  TP  exerts  great  inﬂuence  on regional  and  global
climate  through  thermal  and  mechanical  forcings.  The  TP  is also
the  headwater  of  large  Asian  rivers  that  provide  water  for  billions
of  people  and  numerous  ecosystems.  Understanding  the character-
istics  and  changes  of  streamﬂow  on  the  TP  will  help  manage  water
resources  under  changing  environment.  Three  categories  of  rivers
(the  Paciﬁc  Ocean,  the  Indian  Ocean,  and  the  interior)  on the  TP
were  examined  for their  seasonal  and  long  term  change  patterns.
Outstanding  research  issues  were  also  identiﬁed.
New hydrological  insights  for the  region:  Streamﬂow  follows  the
monthly  patterns  of precipitation  and  temperature  in  that all peak
in  May–September.  Streamﬂow  changes  are  affected  by climate
change  and  human  activities  depending  on  the  basins.  Streamﬂow
is  precipitation  dominated  in  the  northern,  eastern  and  southeast-
ern basins.  In the  central  and  western  basin  either  melt  water
or groundwater,  or both  contributes  signiﬁcantly  to streamﬂow.
Human  activities  have  altered  streamﬂow  in  the  lower  reaches
of  the  eastern,  northern  and  western  basins.  Long-term  trends  in
streamﬂow  vary  with  basins.  Outstanding  research  issues  include:
(1)  What  are  the  linkages  between  streamﬂow  and  climate  sys-
tems?  (2)  What  are  the  basin-wide  hydrological  processes?  And (3)
What  are  the  cryospheric  change  impacts  on hydrological  processes
and  water  balance?
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1. Introduction
Often referred to as the “Roof of the World” or the “Third Pole” or the “Water Tower of Asia”, the
Tibetan Plateau (TP) is the source region of major rivers in Southeast and East Asia that ﬂow down to
almost half of humanity. With an area of 2.5 × 106 km2, the TP is the largest and the highest plateau
on Earth, and exerts great inﬂuence on regional and global climate through thermal and mechanical
forcing (Manabe and Broccoli, 1990; Yanai et al., 1992; Liu et al., 2007; Nan et al., 2009; Lin and Wu,
2011). The TP also has the largest cryosphere outside the Arctic and the Antarctic (Zhou and Guo, 1982;
Zhou et al., 2000; Cheng and Jin, 2013). Vast areas of snow, glaciers, permafrost and seasonally frozen
ground distribute over the TP throughout the year.
Different from the Arctic and the Antarctic, climate change and the induced hydrological and
cryospheric changes on the TP directly affect the lives of people and animals that depend on the
rivers originating from the TP. It is important to examine the changes in hydrology in the context of
climate change over the TP for understanding the links between the changes and for developing a
sustainable water resource strategy for the region.
Streamﬂow of major rivers is an important component of fresh water resource that is crucial for
both human societies and natural ecosystems. Streamﬂow is the product of the integrated processes
of atmosphere, hydrosphere, pedosphere and cryosphere in a basin, and is directly affected by climate
change and human activities (Wigley and Jones, 1985; Milly et al., 2005; Barnett et al., 2005). Under-
standing the characteristics and long-term changes of streamﬂow on the TP is therefore essential
for water resource management and ecosystems in the whole region. This work, with a focus on the
hydrological changes, will rely on the published literature and draw conclusions on the hydrological
changes and the links to climate change. Based on a number of the published literatures, we  synthe-
size the long-term streamﬂow records for the rivers that originate on the TP and summarize the major
characteristics and changes of streamﬂow, and the relationship between precipitation/temperature
and streamﬂow. We  also strive to point out the outstanding issues and possible directions for future
research in hydrology on the TP.
Being the ﬁrst of its kind, by reviewing the vast Chinese and English literatures on the hydrological
changes over the TP, most of which are not easily accessible to international readers, this work pro-
vides up-to-date knowledge of the ﬁndings and the understanding in the characteristics and changes
of streamﬂow over the TP for the international researchers and readers, and can serve as a founda-
tion for focused surface hydrological studies on the TP. It is our hope that this work could further
encourage interests and promote collaboration in the TP surface hydrology research. Also, we  hope
that through the review we could raise the awareness of the importance of hydrological data sharing
among scientiﬁc communities in China.
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2. Characteristics and changes of streamﬂow
2.1. Basins and their classiﬁcations
Rivers on the TP (Fig. 1) can be grouped into three categories depending on where they ultimately
ﬂow to: (1) the Paciﬁc Ocean, (2) the Indian Ocean, and (3) within the plateau or the surrounding
Fig. 1. Geographic location of the Tibetan Plateau (a). Major river basins on the Tibetan Plateau and stream gauges on tributaries
examined in the paper (b). YLR, the Yellow River; YTR, the Yangtze River; MKR, the Mekong River. BPR, the Brahmaputra River;
SWR,  the Salween River; IDR, the Indus River. CTB, the Changtang basins; CQB, the Chaidamu and Qinghai Lake basins; TRB,
the  Tarim basins; and QMB, the northern Qilian Mountain basins. Stream gauges in each river basin are coded and are listed
as  follows. In YLR, (1) Huangheyan, (2) Jimai, (3) Tangke, (4) Maqu, (5) Tangnaihai, (6) Xunhua, (7) Haiyan (Huangshui River),
(8)  Xining (Huangshui River), (9) Minghe (Huangshui River), (10) Gadatan (Daitong River), (11) Lanzhou. In YTR, (1) Tuotuohe,
(2)  Zhimenda, (3) Xiaodeshi (Yalong River), (4) Shigu. In MKR, (1) Xiangda, (2) Changdu. In BPR, (1) Nugesha, (2) Yangcun, (3)
Nuxia. In SWR, (1) Jiayuqiao, (2) Daojieba. In TRB, (1) Aksu, (2) Shaliguilanke, (3) Kaxigar, (4) Keleke, (5) Shaman, (6) Yarkant,
(7)  Yuzimenleke, (8) Wuluwati, (9) Hotan, (10) Qarqan. In QMB, (1) Yingluoxia (Hei River), (2) Changmabao (Shule River),
(3)  Zamusi (Shiyang River). In CQB, (1) Buhahe Kou (Buha River), (2) Gangcha (Shaliu River), (3) Golmud (Golmud River), (4)
Xiangride (Xiangride River), (5) Chahanwusu (Chahanwusu River), (6) Delingha (Bayin River).
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lowland (Shen and Chen, 1996). This classiﬁcation is based on the fact that river basins are physical
entities that can be delineated based on topography. The Paciﬁc Ocean oriented rivers consist of the
Yellow River (YLR), the Yangtze River (YTR), and the Mekong River (MKR). The Indian Ocean directed
rivers include the Salween River (SWR), the Irrawady River (IWR), the Brahmaputra River (BPR), and the
Indus River (IDR). The Tarim basins (TRB), the Chaidamu and Qinghai Lake basins (CQB), the northern
Qilian Mountain basins (QMB), and the Changtang basins (CTB) are interior basins and do not have
conﬂuent rivers.
On the other hand, classiﬁcation of the river basins on the TP based on climate zones is less straight-
forward. Climatologically, the TP is affected by the mid-latitude westerlies, the Indian (South Asia)
monsoon, the East Asia monsoon, El Nin˜o – Southern Oscillation (ENSO), the North Atlantic Oscilla-
tion (NAO), the Arctic Oscillation (AO) and local weather systems (Yanai et al., 1992; Tian et al., 2007;
Wang and Li, 2011; Cuo et al., 2013b; Yao et al., 2013; Hudson and Quade, 2013; Gao et al., 2014; Molg
et al., 2013). These weather systems impact the TP either collectively or independently at various time
scales and spatial scales (e.g., Cuo et al., 2013b), rendering it difﬁcult to identify the exact inﬂuence
domain or boundaries of each of the systems. Attempts made by Yao et al. (2013), Wang and Li (2011),
and Tian et al. (2007) in locating the boundaries of the westerlies, the Indian monsoon and the East
Asia monsoon provide some guidance for dividing the watersheds on the TP into the Indian monsoon,
East Asia monsoon and westerly dominated watersheds, although such division does not take into
account the inﬂuence by ENSO, NAO, AO and the local circulations. The Paciﬁc Ocean oriented rivers
(YLR, YTR, and MKR) are located in the eastern TP and are primarily affected by the East Asia monsoon
in summer and westerlies in winter; the Indian Ocean directed rivers (BPR, IWR, and SWR) located in
the southern plateau are predominantly inﬂuenced by the Indian monsoon in summer and westerlies
in winter; whereas IDR and the interior river in the northern (QMB), western (TRB) and central TP
(CQB and CTB) are to some extent westerly dominated all year round.
In the monsoon dominated basins over the TP, precipitation mainly occurs in May–October,
whereas in the westerly dominated areas, the seasonal pattern of precipitation varies among basins,
for example, TRB has two peaks in spring and summer, respectively, while QMB  and CQB have one
peak in June–August (Ding et al., 1999; Sorg et al., 2012; Yao et al., 2013; Palazzi et al., 2013). The sea-
sonal patterns of precipitation and temperature determine the streamﬂow regime to a great extent.
In basins where precipitation and temperature peak during May–October, a great portion of annual
streamﬂow will come directly from rainfall. In basins with one peak in temperature but double peaks
in precipitation, streamﬂow is not only contributed directly by rainfall but also by melt water that
is dictated by temperature. Therefore, for different river basins, the impacts of precipitation changes
and temperature changes could be different.
Due to the inherent uncertainties associated with the climate zone classiﬁcation, the review summ-
aries provided in the following sections are organized based on the rivers’ destinations. Because of
the lack of the published literature, IWR  is not included in this review. Also, we  focus primarily on
the basins located within China. Hydrometric stations located inside and along the boundaries of the
plateau are chosen for the review (Fig. 1). Here the boundaries are set at approximately 1000 m above
the sea level, hence, all the river basins included in the review correspond to their upper parts, for
example, YLR refers to the upper YLR basin. Among the river basins considered, CTB is the largest
and IDR is the smallest (Fig. 1 and Table 1). BPR and IDR have the largest and the smallest annual
discharge, respectively (Table 1). Contributions to the annual total streamﬂow in river basins above
the hydrometric stations are presented in Table 2. Streamﬂow trends during the study periods for the
river basins over the TP are represented in Table 3.
2.2. The Paciﬁc Ocean rivers
In YLR, the June–October discharge accounts for 55–72% of the annual total streamﬂow at all stations
(Fig. 1; Yan, 2000; Dong et al., 2007), with rainfall being the dominant contributor to the annual total
(Table 2). YLR’s annual streamﬂow decreased at the stations during a study period of 1956–2009,
and the decrease was statistically signiﬁcant at Tangke, Maqu and Lanzhou (Table 3; Yan, 2000; Chen
et al., 2006; Xie et al., 2006a; Chang et al., 2007; Cuo et al., 2013a). The reduction in streamﬂow
is due to the combined effects of increasing evaportranspiration, decreasing precipitation in major
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Table 1
Total area (km2), annual total discharge (×108 m3), glacial area (km2), and percentage of glacial area (%) for major river basins
on  the Tibetan Plateau.
Categories Rivers Sub-basins/stations Area Annual
discharge
Glacial area Percentage
of glacial
area
Sources of
area and
discharge
The Paciﬁc
Ocean Rivers
YLR Huangheyan 26,541 7.14 171.41 0.08 1
Jimai 57,000 40.1 2, 3
Maqu 109,000 145.1 2, 3
Tangnaihai 122,000 203.9 2, 3
Lanzhou 220,000 306.9 2, 4
YTR Zhimenda 137,704 126.8 1895.00 0.89 5, 6, 7
Shigu 213,304 423.8 8,9
Xiaodeshi 128,440 580.0 10
MKR Changdu 53,800 149.2 316.32 0.35 5
Point leaving plateau 90,633 280.3 11
The Indian
Ocean Rivers
BPR Lhasa 32,588 92.7 18,161.44 7.59 12
Nuxia 201,200 605.7 5
Point leaving China 239,288 1359.0 13,14
SWR Jiayuqiao 67,740 213.8 1730.20 1.56 5
Point leaving plateau 110,860 463.9 11
IDR Senge zangbu 27,450 6.9 1451.26 2.89 11
Langqin Zangbu 22,760 9.1 11
The interior
basins
CTB Xizang 586,000 194.4 7836.00 1.09 11
Qinghai 42,500 26.2
Xinjiang 87,500 15.5
Total 721,182 236.2
CQB 319,260 74.5 1865.05 0.58 11
TRB  159,992 101.7 19,878.00 12.42 11
QMB  60,836 41.7 1334.75 2.19 11
(1) Chang et al. (2007); (2) Cuo et al. (2013a); (3) Niu and Zhang (2005); (4) Huang and Zhou (2012); (5) Zhang et al. (2013b);
(6)  Zhang et al. (2011a,b,c); (7) Chen (2013); (8) Zhao and Gao (2011); (9) Xu et al. (2010); (10) Chen et al. (2012); (11) Shen
and  Chen (1996); (12) Lin et al. (2007); (13) Liu (1999); (14) Huang et al. (2007). Glacial areas are from Xie et al. (2006b). YLR,
the  Yellow River; YTR, the Yangtze River; MKR, the Mekong River. BPR, the Brahmaputra River; SWR, the Salween River; IDR,
the  Indus River. CTB, the Changtang basins; CQB, the Chaidamu and Qinghai Lake basins; TRB, the Tarim basins; and QMB, the
northern Qilian Mountain basins.
runoff production sections of Maqu – Jimai in July–September, and intensiﬁed human activities below
Tangnaihai, the lower parts of the basin (Yao et al., 2007; Cuo et al., 2013a,b). Statistically insigniﬁcant
increasing trends are found only at Xunhua and Haiyan and for a shorter period of 1956–2000 (Table 3).
Whether or not these increasing trends at Xunhua and Haiyan persist beyond 2000 is unknown.
In YTR, the June–September discharge is 72% of the annual total at Zhimenda (Zhu et al., 2011;
Jin et al., 2005). At Xiaodeshi in the Yalong River, a tributary of YTR, the June–October discharge is
77% of the annual total (Chen et al., 2012). Rainfall contributes the most to the annual total stream-
ﬂow at Zhimenda, Shigu and Xiaodeshi (Table 2). Annual ﬂow showed slightly increasing trends at
Zhimenda during 1961–2011 (Li et al., 2012a,b), at Xiaodeshi during 1956–2004 (Cao et al., 2005;
Chen et al., 2012), and at Shigu in the lower reach during 1953–2005 (Xu et al., 2010; Zhao and Gao,
2011) (Table 3). The negative trends in annual total are noted at Yushu during 1956-2000 (Table 3)
and the reason is unknown (Zhou et al., 2005). The Tuotuo River, the headwater of YTR and located
above Yushu, exhibited an increasing trend in streamﬂow during the late 1950s–2000 (Table 3; Yang
et al., 2003; Jin et al., 2005; Zhang et al., 2008; Liu et al., 2009; Bing et al., 2011), indicating that the
main contributor to the Tuotuo River is melt water that is enhanced by increasing temperature. The
difference in streamﬂow change between Tuotuo River and Yushu implies that as the basin expands
to the lower elevation, melt water contribution diminishes and the other inﬂuence becomes more
important.
In MKR, the June–September discharge accounts for 70% of the annual total at Changdu, with
combined melt water and groundwater contributing much more than rainfall (Table 2; Wang, 2007;
54 L. Cuo et al. / Journal of Hydrology: Regional Studies 2 (2014) 49–68
Table 2
Contributions (%) to the annual total streamﬂow in river basins on the TP.
Rivers Gauges/subbasins Precipitation Melt water Groundwater Sources
YLR Huangheyan a Chang et al. (2007)
Jimai a Cuo et al. (2013a)
Maqu a Cuo et al. (2013a)
Tangnaihai a Cuo et al. (2013a)
Lanzhou a Cuo et al. (2013a)
YTR Zhimenda a Yan and Jia (2003)
Shigu a Yan and Jia (2003)
Xiaodeshi a Yan and Jia (2003)
MKR  Changdu 32 68 Guan and Chen (1980)
BPR Nugesha 42 18 40 Liu (1999)
Yangcun 44 20 36 Liu (1999)
Nuxia 30 38 32 Liu (1999)
Nianchu River 31 21 48 Liu (1999)
Lhasa River 46 26 28 Liu (1999)
Niyang River 27 50 23 Liu (1999)
Yigong Zangbu 25 53 22 Liu (1999)
SWR Jiayuqiao a Zhang et al. (2013a,b)
Daojieba a Fan and He (2012)
IDR Senge Zangbu 16 84 Guan and Chen (1980)
Langqing Zangbu a a Guan and Chen (1980)
CTB a Guan and Chen (1980)
CQB Qinghai Lake Basin a Ding and Liu (1995)
Southwest and
north of Chaidamu
Basin
a Zhou and Dong (2002b)
Southern
Chaidamu Basin
a Zhou and Dong (2002b)
TRB 28 48 24 Fu et al. (2008)
QMB a Zhao et al. (2011) and Ma
et al. (2008)
Blanks under precipitation, melt water and groundwater indicates that values are not available. YLR, the Yellow River; YTR, the
Yangtze River; MKR, the Mekong River. BPR, the Brahmaputra River; SWR, the Salween River; IDR, the Indus River. CTB, the
Changtang basins; CQB, the Chaidamu and Qinghai Lake basins; TRB, the Tarim basins; and QMB, the northern Qilian Mountain
basins.
a The dominance but do not have reported numbers available.
Lu et al., 2009). Streamﬂow change at Xiangda during 1956–2000 showed decreasing trends before
1980 but increasing trends after 1980, though the trends were not statistically signiﬁcant (Table 3;
Zhou et al., 2005). Also, the date of the mid-point of yearly ﬂow shifted earlier at Xiangda during
recent decades (Xu et al., 2004; Lu et al., 2009). At Changdu that is located below Xiangda, Cao et al.
(2005) found statistically insigniﬁcant increasing trends in streamﬂow during 1968–2000 (Table 3);
on the other hand, Zhang et al. (2012a,b) showed that during 1958–2005 streamﬂow at Changdu
exhibited statistically insigniﬁcant decreasing trends in annual, ﬂood and non-ﬂood seasonal ﬂows.
The differences between Cao et al. (2005) and Zhang et al. (2012a,b) are due to the different datasets,
methods and study periods used. It is possible that Cao et al. (2005) only showed a partial change of
streamﬂow over a longer period 1958–2005.
2.3. The Indian Ocean rivers
For IDR, Senge Zangbu and Langqin Zangbu are the headwaters that are fed primarily by ground-
water and melt water (Table 2). In Senge Zangbu groundwater and melt water together account for
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Table 3
Streamﬂow changes in basins on the TP. Tr: annual trends derived from the methods listed in the methods column, + denotes increase, − denotes decrease; reported statistically signiﬁcant
trends  (p < 0.1) are indicated by superscript letter a (not all studies reported the signiﬁcance). Blanks under station latitude/longitude, station elevation, control area above station columns
refer  to missing data. YLR, the Yellow River; YTR, the Yangtze River; MKR, the Mekong River. BPR, the Brahmaputra River; SWR, the Salween River. CTB, the Changtang basins; CQB, the
Chaidamu and Qinghai Lake basins; TRB, the Tarim basins; and QMB, the northern Qilian Mountain basins.
Rivers Sub-basins Stations Station latitude Station
longitude
Station
elevation (m)
Control area
above station
(km2)
Start year End year Tr Methods Selected sources
YLR Huangheyan 34◦42′ 98◦13′ 4272 26,541 1955 2005 − Linear regression Chang et al. (2007)
Jimai 33◦46′ 99◦39′ 3955 57,000 1959 2009 − Mann–Kendall Cuo et al. (2013a)
Tangke 33◦25′ 102◦28′ 3435 7800 1981 2009 −a Mann–Kendall Cuo et al. (2013a)
Maqu 33◦58′ 102◦5′ 3435 109,000 1960 2009 −a Mann–Kendall Cuo et al. (2013a)
Tangnaihai 35◦30′ 100◦09′ 2700 122,000 1956 2009 − Mann–Kendall Cuo et al. (2013a)
Xunhua 35◦50′ 102◦30′ 177,275 1956 2000 + Linear regression/Mann–Kendall Zhou et al. (2005)
Huangshui Haiyan 37◦3′ 100◦47′ 1956 2000 +  Linear regression/Mann–Kendall Zhou et al. (2005)
Xining 36◦38′ 101◦46′ ′ 1956 2000 − Linear regression/Mann–Kendall Zhou et al. (2005)
Minhe 36◦21′ 102◦52′ 1956 2000 −  Linear regression/Mann–Kendall Zhou et al. (2005)
Daitong Gadatan 37◦26′ 101◦42′ 1957 2000 −  Decadal difference Yan and Jia  (2003)
Lanzhou 36◦04′ 103◦49′ 1600 220,000 1956 2009 −a Mann–Kendall Cuo et al. (2013a)
YTR Tuotuohe 34◦12′ 92◦24′ 4533 1959 2000 +  Decadal difference Yan and Jia (2003)
Yushu 33◦ 97◦ 3681 1956 2000 − Linear regression/Mann–Kendall Zhou et al. (2005)
Zhimenda 33◦01′ 97◦14′ 137,704 1961 2011 +  Linear regression Li  et al. (2012a,b)
Yalong Xiaodeshi 26◦45′32.53′′ 101◦50′18.84′′ 1063 1960 2004 + Mann–Kendall/Spearman Chen et al. (2012)
Jinsha  Shigu 26◦52′26.70′′ 99◦57′35.70′′ 1823 1953 2005 +  Mann–Kendall, Xu et al. (2010)
MKR Xiangda 32◦14′ 96◦6′ 1956 2000 +  Linear regression/Mann–Kendall Zhou et al.  (2005)
Changdu 31◦08′ 97◦10′ 50,608 1968 2000 + Mann–Kendall Cao et al. (2005)
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Table 3 (Continued)
Rivers Sub-basins Stations Station latitude Station
longitude
Station
elevation (m)
Control area
above station
(km2)
Start year End year Tr Methods Selected sources
BPR Lazi 29◦14′20.57′′ 87◦48′25.59′′ 4557 1956 2000 + Decadal difference Liu et al. (2007)
Nugesha 29◦16′ 91◦52′ 3720 106,060 1956 2000 − Mann–Kendall Huang et al. (2007)
Yangcun 29◦16′48′′ 91◦52′48′′ 3500 1956 2000 − Mann–Kendall Huang et al. (2007)
Nuxia 29◦16′12′′ 94◦20′24′′ 2780 1956 2000 − Mann–Kendall Huang et al. (2007)
Lhasa Lhasa 29◦38′31.09′′ 91◦08′48.65′′ 3659 26,225 1956 2003 + Mann–Kendall Lin et al. (2007)
SWR Jiayuqiao 30◦52′41.43′′ 96◦11′53.13′′ 3182 1980 2000 + Mann–Kendall Yao et al. (2012b)
Daojieba 25◦50′57.55′′ 98◦51′12.57′′ 818 1958 2000 +a Mann–Kendall Yao et al. (2012b)
CQB Bayin Delingha 37◦22′35.30′′ 97◦22′11.72′′ 3004 1957 2000 − Decadal difference Yan and Jia (2003)
Chahanwusu Chahanwusu 36◦17′15.26′′ 98◦5′30.07′′ 3203 1957 2000 + Decadal difference Yan and Jia (2003)
Naijin Nachitai 35◦52′19.12′′ 94◦34′09.08′′ 3603 1957 2000 + Decadal difference Yan and Jia (2003)
Germud Germud 36◦24′12.75′′ 94◦54′12.23′′ 2800 1956 2000 + Linear regression/Mann–Kendall Zhou et al. (2005)
Xiangride Xiangride 35◦58′42.24′′ 97◦52′19.8′′ 3096 1956 2000 +a Linear regression/Mann–Kendall Zhou et al. (2005)
Buha Buhahekou 36◦59′35.70′′ 99◦47′32.12′′ 3203 1956 2007 − Mann–Kendall/Spearman
correlation
Li et al. (2010)
Shaliu Gangcha 37◦19′44.51′′ 100◦07′29.35′′ 3299 1956 2007 − Mann–Kendall/Spearman
correlation
Li et al. (2010)
TRB Aksu Xiehela 41◦34′12′′ 79◦37′12′′ 1427 12,816 1957 2003 +a Mann–Kendall Xu et al. (2005)
Shaliguilanke 40◦57′ 78◦36′ 1909 19,166 1957 2003 +a Mann–Kendall Xu et al. (2005)
Yarkant Kaqun 37◦48′ 76◦54′ 1960 1957 2003 + Mann–Kendall Xu et al. (2005)
Yuzimenleke 37◦37′48′′ 77◦12′ 1620 1957 2003 + Mann–Kendall Xu et al. (2005)
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Hotan Tongguziluoke 36◦49′12′′ 79◦55′12′′ 1650 1958 2003 −  Mann–Kendall Xu et al. (2005)
Wuluwati 36◦52′12′′ 79◦25′48′′ 1800 1957 2003 −  Mann–Kendall Xu et al. (2005)
Kaxigar Kalabeili 39◦33′ 75◦12′ 1900 1959 2005 +a Linear regression Mao et al. (2006)
Keleke 38◦48′ 75◦22′48′′ 1960 1959 2005 − Linear regression Mao et al. (2006)
Shaman 38◦48′ 75◦39′ 2330 1959 2005 + Linear regression Mao et al. (2006)
Qarqan Qieme 38◦8′ 85◦31′ 24,692 1956 2006 +  Linear regression Mamat et al.  (2010)
QMB Hei Yingluoxia 38◦48′ 100◦10′48′′ 1674 10,009 1944 2005 + Linear regression Niu et al. (2010)
Shule Changmabao 39◦49′12′′ 96◦51′ 2112 10,961 1953 2005 + Linear regression Niu et al. (2010)
Zamu Zamusi 37◦42′ 102◦34′12′′ 1495 847 1956 2009 −  Linear regression Zhou et al. (2012)
Jinta Nanyin
reservoir
840 1956 2009 − Linear regression Zhou et al. (2012)
Xiyin Sigouzui 340 1956 2009 − Linear regression Zhou et al. (2012)
Huangyang Huangyang
reservoir
631 1956 2009 −  Linear regression Zhou et al. (2012)
Gulang Gulang 660 1956 2009 − Linear regression Zhou et al. (2012)
Dajin Dajinxia
reservoir
212 1956 2009 − Linear regression Zhou et al. (2012)
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about 84% of the annual streamﬂow, with 55% of the annual ﬂow occurring in July–September (Guan
and Chen, 1980). Due to lack of reports on IDR within China, streamﬂow change is virtually unknown.
In BPR, the June–September ﬂow accounts for 65–75% of the annual total at stations located along
the main branch (Liu, 1999). Among the gauged tributaries, the Nianchu River is mostly fed by ground-
water, and the Niyang and the Yigong Zangbu Rivers are mostly fed by melt water. BPR at Nuxia
essentially equally contributed by precipitation, melt water and groundwater, while the other trib-
utaries are fed mainly by rain (Table 2; Guan and Chen, 1980; Liu, 1999). On average, surface runoff
increases toward the lower reaches of BPR (Guan and Chen, 1980). During 1956–2000, the Nugesha,
Yangcun and Nuxia stations located in the main tributary showed slightly decreasing annual ﬂow
while the Lazi station located in the source region exhibited slightly increasing annual ﬂow (Table 3;
Huang et al., 2007; Li et al., 2010). The Lhasa River, a tributary of BPR, presented slightly increasing
trends in annual ﬂow during 1956–2003 (Table 3; Lin et al., 2007).
In SWR, rainfall is the major contributor to the annual ﬂow (Table 2; Fan and He, 2012; Zhang
et al., 2013b) although in the upper reach above station Jiayuqiao, melt water is also important and
accounts for 25% of the annual ﬂow (Zhang et al., 2013b). At Jiayuqiao, both the annual and the monthly
streamﬂow showed increasing trends during 1980–2000 except for June and July and the increasing
trends were statistically signiﬁcant for January–April (Table 3; Yao et al., 2012b). In the lower reach
between Jiayuqiao and Daojieba, the annual streamﬂow also increased during 1958–2000 (Table 3),
and the increases in the low ﬂow season (November–February) were statistically signiﬁcant (Yao et al.,
2012b).
In general, streamﬂow of the Paciﬁc Ocean and the Indian Ocean oriented rivers is rainfall domi-
nated but for the headwaters of these rivers melt water is more important, for example, the Tuotuo
River of the YTR (Table 2). It appears that the melt water contribution diminishes as the basins expand
from the source region to the lower reaches for both types of rivers. The streamﬂow changes at var-
ious locations along the rivers are different due to the differences in the major contributions to the
streamﬂow and the dominant acting factors such as temperature and precipitation.
2.4. The interior rivers
Historically, all tributaries in TRB ﬂowed to the Tarim River, the main branch. The major tributaries
of the Tarim River included the Yarkant, Hotan and Aksu Rivers, which contribute about 3.6%, 23.2%
and 73.2%, respectively, to the Tarim River (Chen and Xu, 2004). The Yarkant River used to be the
headwater of the Tarim River but it has now lost the connection to the Tarim River except in the
extreme ﬂooding season. In TRB, the June–September ﬂow accounts for 72–80% of the annual total
(Chen et al., 2003). The major contribution to streamﬂow in TRB is from melt water, which accounts
for approximately half of the annual total (Table 2; Fu et al., 2008), although this number varies among
the studies. The lower TRB is desert where precipitation is very limited.
For TRB, during 1957–2003, streamﬂow increased in the Aksu (statistically signiﬁcant) and Yarkant
Rivers but decreased slightly in the Hotan River (Table 3; Sun et al., 2006; Zhang et al., 2007a,b; Fu
et al., 2010). The Kaxigar and Qarqan Rivers are smaller tributaries with generally increased streamﬂow
during 1951–2005 (Mao  et al., 2006; Mamat  et al., 2010). Streamﬂow has been heavily but inefﬁciently
exploited in the upper-middle reaches of all sub-basins of TRB resulting in the disconnection between
most tributaries and the main branch (Li and Yang, 2002). The inﬂuence of human activities in the
upper-middle reaches overwhelms the climate change impact (Xu et al., 2005; Chen et al., 2003; Ye
et al., 2006) in that streamﬂow in the Tarim River decreased despite the fact that the upper parts of
most sub-basins had increased ﬂow and the regional climate became warmer and wetter (Li and Yang,
2002).
In QMB, the Hei, Shiyang and Shule Rivers are located on the northern slopes of the Qilian Mountains
and all ﬂow to the desert. The Yingluoxia station catches the upper Hei River ﬂow and about 80%
of its annual ﬂow occurs during May–October (Yang et al., 2009). Annual streamﬂow at Yingluoxia
showed increasing trends during 1944–2005 (Table 3; Wang and Meng, 2008). The Changma River
is a major tributary of the Shule River and its monthly streamﬂow at Changmabao increased during
1953–2005 (Table 3; Niu et al., 2010). Annual streamﬂow at Shiyang decreased during 1956–2009
at all 6 tributaries (Zhou et al., 2012). The major contribution to the annual streamﬂow in QMB  is
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precipitation (Table 2). Although the upper reaches of the Hei River were characterized by increased
annual ﬂow, the middle reaches showed decreasing trends due to enhanced agriculture and a chain
of dams built in between (Wang et al., 2002; Zhou and Dong, 2002a; Li et al., 2006; Yuan et al., 2006;
Yang et al., 2007, 2009; Wang and Meng, 2008). Besides TRB, QMB  is another example in the region
where human impact overwhelmed climate change impact, and essentially altered the hydrological
processes.
CQB, located to the south of the Qilian Mountains, consists of the Chaidamu basin in the west
and the Qinghai Lake basin in the east. The Buha and Shaliu Rivers are the two largest rivers that
ﬂow to the Qinghai Lake, and together account for 64% of the total lake inﬂow (Yan and Jia, 2003).
The primary contributor to streamﬂow in the Qinghai Lake basin is rainfall (Table 2; Ding and Liu,
1995). Melt water is the dominant contributor to annual streamﬂow in the southwest and north of
the Chaidamu basin, whereas groundwater is the major contributor to the annual ﬂow in southern
Chaidamu basin (Table 2; Zhou and Dong, 2002b; Yan and Jia, 2003). This difference in the contribution
between rainfall, melt water and groundwater within CQB may  be related to the local geology and
the abundance of precipitation. During 1956–2007, the Buha and Shaliu Rivers exhibited insigniﬁcant
decreasing trends (Table 3; Li et al., 2010). The Golmud and Xiangride Rivers, located in the south
of CQB, all showed increasing trends in streamﬂow during 1956–2000 (statistically signiﬁcant for
the Xiangride River) (Table 3; Zhou et al., 2005). The Chahanwusu and Naijin Rivers located in the
southeast also showed large increasing trends during 1957–2000; however, the Bayin River situated
in the north CQB exhibited a slightly decreasing trend during 1957–2000 (Table 3; Yan and Jia, 2003).
CTB is located to the south of the Kunlun Mountains and the Tanggula Mountains, and to the north
of the Gandise Mountains and the Nianqing Tanggula Mountains. CTB consists of numerous isolated
sub-basins and does not have conﬂuence. In CTB, most sub-basins are sized only in hundreds of square
kilometers except for the Zhagen Zangbu, Zhajia Zangbu, Cuoqin Zangbu and Bocang Zangbu basins for
which the sizes are over 10,000 km2 and are located in the south; most rivers are ephemeral; about
90% of the annual total discharge concentrates in June–September (Chen and Guan, 1989). Annual
total precipitation in CTB is only about 150 mm and mostly occurs as snow, which is the reason that
the major part of the annual streamﬂow comes from melt water and groundwater (Table 2; Chen and
Guan, 1989). Streamﬂow characteristics and long-term changes are essentially unknown in CTB due
to lack of long-term observations.
2.5. General characteristics of the streamﬂow on the TP
In summary, streamﬂow on the TP is concentrated during the ﬂood season of May–October and
peaks in July–August (Guan and Chen, 1980), due to the coexistence of the wet  and warm seasons, and
the dry and cold seasons. In general, the major contributor to the annual total streamﬂow is rainfall
in the north (QMB), the east (YLR and YTR), and the southeast (SWR) of the TP; while melt water or
groundwater or their combination dominates in the central (CTB) and west (TRB and IDR) of the TP.
BPR and CQB show more complex patterns (Table 2). These regional variations in streamﬂow con-
tribution are to a large extent related to the climate systems that prevail over the TP. In the eastern
and southeastern TP where the East and South Asia monsoons exert strong inﬂuence and where pre-
cipitation occurs mainly in the warm season of May–October, precipitation is the major contributor
to streamﬂow, and streamﬂow peaks with precipitation and temperature. In the westerly controlled
western TP (e.g., TRB) where precipitation exhibits double peaks in early spring and summer, respec-
tively, melt water is the major contributor to streamﬂow and melt water peaks when temperature
evolves to the seasonal high. On the other hand, in the central TP (e.g., CTB), a westerly dominated
area where precipitation is not only low but also solid for the most part of the year, both melt water
and groundwater, which peak in the warm season, become important for streamﬂow.
Based on previous studies, for example Yan and Jia (2003), Zhou et al. (2005), Cao et al. (2005) and
Ding et al. (2007) who examined multiple rivers up to 2000 and showed varied streamﬂow temporal
changes, it is reasonable to infer that the up-to-date long-term streamﬂow in basins on the TP does
not have consistent spatial and temporal patterns. Even for the same river system, the streamﬂow
trends could change from sub-basins to sub-basins, and headwater region to downstream reaches.
The varied streamﬂow trends are caused by variations in streamﬂow components and contributions,
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prevailing climate systems, watershed environmental settings, and the inﬂuence of human activities.
For example, precipitation, an important contributor to many rivers on the TP, shows spatially varying
trends on the TP that arise due to the impact of the complex terrain and large- to small-scale circu-
lations affecting the region differentially (e.g., Zhao et al., 2004; Xu et al., 2008; Cuo et al., 2013b).
Nevertheless, the quantiﬁcation of up-to-date long-term streamﬂow changes for all the basins on the
TP and the understanding of the spatial patterns of changes are needed.
3. Relationships between streamﬂow and precipitation/temperature
Correlation between streamﬂow and precipitation/air temperature reveals how climate affects
hydrological processes and streamﬂow. For example, positive correlation between streamﬂow and
temperature may  indicate the dominance of melt water contribution over evapotransporation,
whereas negative correlation would suggest otherwise. Similarly, positive correlation between
streamﬂow and precipitation would indicate that streamﬂow changes in accordance with precipi-
tation. Likewise, a positive correlation between streamﬂow and precipitation/temperature indicates
that streamﬂow is dominated by both precipitation and melt water, which most likely happens in
basins with precipitation mainly occurring in winter as snow.
Based on linear regression, many studies have analyzed the relationships between annual stream-
ﬂow and precipitation/temperature on the TP using available observations (Yan and Jia, 2003; Chen
and Xu, 2004; Mao  et al., 2006; Huang et al., 2007; Wang and Meng, 2008; Sun et al., 2009; Mamat
et al., 2010; Xu et al., 2010; Liu et al., 2012; Li et al., 2012a,b; Yao et al., 2012b). The correlation
coefﬁcients between annual streamﬂow and precipitation are positive and larger than those between
annual streamﬂow and temperature for YLR, YTR, MKR, BPR, SWR, QMB, and CQB (Yan and Jia, 2003;
Huang et al., 2007; Xu et al., 2010; Zhang et al., 2011a,b,c; Niu et al., 2010; Liu et al., 2012; Chen et al.,
2012; Li et al., 2012a,b; Yao et al., 2012b). A majority of these basins are located in the monsoon con-
trolled eastern and southern TP where rainfall is the major contributor to streamﬂow. Thus, changes in
annual streamﬂow are strongly affected by changes in annual precipitation in the above basins in that
streamﬂow temporal pattern follows that of precipitation closely (Yan and Jia, 2003; Ding et al., 2007;
Niu et al., 2010; Zhang et al., 2011a,b,c). Two basins that reveal slightly negative correlation between
annual streamﬂow and temperature are YLR and QMB  (Sun et al., 2009; Niu et al., 2010; Zhou et al.,
2012). These two basins are located in the eastern and northern TP where the annual temperature is
relatively higher compared to the other basins (Cuo et al., 2013b), indicating the importance of evap-
otransporation to some extent. Positive correlation between annual streamﬂow and temperature is
reported for YTR above Zhimenda, BPR, SWR  above Jiayuqiao and upper reach of TRB (Mao  et al., 2006;
Huang et al., 2007; Li et al., 2012a,b; Yao et al., 2012b), among which TRB, especially its Yarkant and
Hotan tributaries (Xu et al., 2009), exhibits the strongest correlation conﬁrming that melt water is a
very important source for TRB as noted before.
Notable correlation between streamﬂow and precipitation/temperature in most basins on the TP
demonstrates that streamﬂow in those basins have been primarily affected by precipitation and tem-
perature changes because of similar annual temporal patterns among streamﬂow, precipitation and
temperature. The exceptions are the lower reaches of YLR, the upper-middle reaches of TRB and QMB
where intensiﬁed human activities exert greater inﬂuence than climate change and have overwhelmed
the climate change impacts (Cuo et al., 2013a; Liu et al., 2013; Li et al., 2008; Huo et al., 2008).
The relationship between streamﬂow and temperature can be explained by glacier coverage to
some extent. In basins that have high glacier coverage, streamﬂow is positively affected by temper-
ature increases, for example, the upper reaches of TRB and BPR (Table 1). Streamﬂow response to
temperature changes also depends on the forms and spatial distributions of precipitation. In TRB,
annual precipitation increases from the lowland to the mountains in the range of about 20 to 700 mm
(Guan and Zhang, 2004; Sabit and Tohti, 2005; Mao  et al., 2006; Gao et al., 2010a). Due to low pre-
cipitation, the valleys do not generate sufﬁcient water for stream, whereas high precipitation in the
mountains is reserved as snow and ice initially and is slowly released as melt water when temperature
increases. In the Yarkant sub-basin and the entire TRB, contribution of melt water from the moun-
tains accounts for a major proportion (63% and 48% by some studies, respectively) of the annual total
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streamﬂow, and the contribution is expected to increase as temperature continues to rise (Sabit and
Tohti, 2005; Xu et al., 2005; Gao et al., 2010a,b).
Besides precipitation and temperature, actual evapotranspiration is another important factor that
affects streamﬂow. On the TP, studies about actual evapotranspiration were based primarily on water
balance equation and potential evapotranspiration adjusted by available moisture content in both soil
and vegetation layers (Zhang et al., 2007a,b; Cuo et al., 2013a). Long-term actual evapotranspiration
observations virtually do not exist on the TP. The few studies that examined actual evapotranspira-
tion reported that actual evapotranspiration would increase over the TP generally but with spatial
variations (Yang et al., 2011; Zhang et al., 2007a,b), and the result would be less available water for
streamﬂow. Cuo et al. (2013a) looked at the impacts of actual evapotranspiration change on stream-
ﬂow and found that increases in actual evapotranspiration were larger during May–October when
compared to the other months. The same authors noted that actual evapotranspiration change was
the second most important factor besides precipitation change in causing the annual and seasonal
streamﬂow decreases in YLR.
4. Outstanding issues
The difﬁculty in obtaining existing hydrological observations collected and maintained by the Chi-
nese Ministry of Water Resources and the local bureaus of water resources due to their data policies
and the harsh environment unfavorable for setting up and maintaining hydrological observational
sites on the TP pose great challenges for hydrological research in the region. Overcoming these chal-
lenges requires sustained and coordinated efforts from all levels of agencies and researchers alike. In
addition, there are other hydrological research topics on the TP that need to be addressed. Among
them, three most important scientiﬁc issues are discussed below.
4.1. Relationships between streamﬂow and climate systems
Climate systems dictate precipitation and temperature on the TP, which in turn regulate stream-
ﬂow. Large-scale atmospheric systems such as the mid-latitude westerlies, East Asia and Indian
monsoons, North Atlantic Oscillation, Arctic Oscillation, ENSO and local circulations all play roles
in affecting the weather and climate of the TP (Tian et al., 2007; Cuo et al., 2013b; Yao et al., 2013;
Gao et al., 2014). As an example, Wang et al. (2006) showed that above-average annual precipitation
in YLR and YTR is caused by enhanced moisture transport by the Indian monsoon when Mongolian
low pressure and the westerlies are weak. Li et al. (2007) reported that above normal precipitable
water vapor is transported to TRB by the intensifying westerlies as the northerlies become weakened.
Any changes in precipitation would have strong implications for streamﬂow in the basins. Relating
streamﬂow to climate system indices could potentially reveal the impacts of the climate systems on
streamﬂow and help understand the spatial and temporal changes of streamﬂow over the TP. Ding
et al. (2007) compared the annual streamﬂow changes among YLR, YTR and BPR and found that the
changes were out of phase between YLR and BPR, and they attributed that to the differences in the
prevailing systems.
4.2. Water cycle and hydrological processes
As the basins on the TP have their unique environmental settings such as high elevation in general,
varying coverages of frozen soil, glacier, snow and vegetation, and heterogeneous soil textures, hydro-
logical processes and water balances would be different among the basins which could be another
reason, besides weather systems, that regional streamﬂow change pattern varies. For example, in the
central TP, the dominant sandy soil would allow inﬁltrated water drain quickly down to the deep
soil; whereas the dominant loam soil in the eastern periphery of the TP could hold more water
for soil and vegetation evapotranspiration while desert basins in the northwest would have lower
evapotranspiration than forest covered southeastern basins (FAO, 2008). There have been limited
studies on the TP about hydrological processes and water balance as most studies have focused on the
streamﬂow climatology and its relation to precipitation and temperature changes. The mechanisms
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for streamﬂow changes could be studied through complementary approaches such as modeling and
analyses of ﬁeld observations including hydrometeorological observations and environmental tracer
collections. Hydrometeorological observations can reveal the state and ﬂuxes of hydrometeorological
elements such as precipitation and temperature. Environmental tracers such as isotopes and chemicals
can be used to separate streamﬂow into surface, subsurface and baseﬂow components, and describe
the sources of each component (Asano et al., 2002; Michel, 2004; Vache and McDonnell, 2006; Zhang
et al., 2009). Unlike the observations that are often collected over points or small-scale basins, physi-
cally based hydrological models that are vigorously evaluated can be set up for small or large domains
and can be used to study hydrological processes and water balance at various spatial and temporal
scales. In other words, hydrological modeling can reveal historical trends and can project future trends
of hydrological variables for larger river basins given reasonable forcings (e.g., Cuo et al., 2013a).
Although there are quite a few studies that used isotopes to examine streamﬂow components on
the TP (Nie et al., 2005; Liu et al., 2008; Pu et al., 2013; Meng and Liu, 2013), very few, for example,
Nie et al. (2005), used multiple environmental tracers including stable isotopes and chemical tracers
combined with hydrometeorological observations such as precipitation, streamﬂow and groundwa-
ter measurements to investigate the sources, components and traveling paths of the components of
streamﬂow on the TP. Sources, components and their paths for most rivers of large or small scales are
still unknown on the TP.
Modeling the cryospheric processes from coherent mass and energy perspectives is another impor-
tant aspect of TP hydrological research. A majority of cryospheric modeling studies on the TP focused
on the speciﬁc aspects of water and energy balances for frozen soil and glacier (Fujita and Ageta, 2000;
Zhang et al., 2004a,b, 2005; Chen et al., 2010; Guo et al., 2012; Zhang et al., 2013a; Molg et al., 2013);
while a few other studies looked at the integrated hydrological processes and water and energy bal-
ances for the entire basins (Yang et al., 2011; Zhang et al., 2012b, 2013b; Zhao et al., 2013; Cuo et al.,
2013a). Valuable as they are, these studies also show that there is still a lot to improve in the simulation
of the cryospheric processes such as the thaw and freeze cycles of snow, frozen soil and glacier, glacier
volume and movement, extent and depth of snow, frozen soil and glacier, and in the incorporation of
the cryospheric processes into physically based hydrological or land surface models that account for
both energy and water balances on the TP.
4.3. Impacts of cryospheric component changes
The TP has an abundance of permafrost, glacier, ice and snow. Permafrost occupies about 75% of the
entire area (Cheng and Jin, 2013) while glacial coverage equals to 49,873.44 km2 in area (Yao and Yao,
2010). Snow covers the majority of the land during winter (Immerzeel et al., 2009). All cryospheric
components contribute to streamﬂow in one way or another and understanding their roles and impacts
of their changes is important for understanding the hydrological processes and hydrological changes
as a whole. Yang et al. (1993), Zhang et al. (2003), Tian et al. (2009) and Niu et al. (2010) studied the
relationship between frozen soil and streamﬂow in small-scale basins on the TP. Their ﬁndings include
(a) frozen soil resulted in a reduction in the lag time between precipitation and peak ﬂow, (b) frozen
soil depth and streamﬂow exhibited positive correlation, and (c) permafrost degradation resulted in
a slowdown of peak ﬂow recession.
Glacier and snow are important water resources whose contributions to streamﬂow differ at tem-
porospatial scales. Glacier acts on longer time scales such as years or decades while snow contribution
tends to be seasonal and shorter in duration. Glacier contribution to streamﬂow over decades has
been examined for various river basins on the TP using mostly degree-day modeling approaches (Liu,
1999; Kang et al., 2000; Liu et al., 2009; Gao et al., 2010b; Immerzeel et al., 2010; Zhang et al., 2012a,
2013b) and other empirical relationships (e.g. Xie et al., 2006b), but large gaps exist among these
studies concerning the quantitative contribution of glaciers and a consensus has not been reached. It
is generally accepted that glacier contribution is important mainly for headwaters or basins for which
glacier coverage is relatively large. Ye et al. (1999) stated that when glacier coverage is greater than
5%, glacier contribution to streamﬂow starts to show up in a small basin in Xinjiang, China. How-
ever, it is unclear whether or not the criterion of 5% glacial coverage is also applicable for large river
basins on the TP. Snow contribution to streamﬂow is also a topic of debate for this region. Cuo et al.
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(2013a) showed that snow contribution is seasonal and is important in mid-spring when up to 40% of
the seasonal streamﬂow comes from snow melt in YLR. Immerzeel et al. (2009, 2010) reported that
glacier and snow melt water had a limited role in YLR and YTR but were important for BPR and were
extremely important for IDR. In TRB, except for the northeastern area, all the other areas saw increased
snow depth and runoff but not in the same phase, indicating that snow is not the major contributor
to streamﬂow in TRB (Xu et al., 2009).
As climate changes on the TP (Wang et al., 2008; You et al., 2008; Cuo et al., 2013b), cryospheric com-
ponents also change. In YLR, continuous permafrost is becoming discontinuous and isolated, and some
of the isolated permafrost is converted to seasonal frozen soil (Jin et al., 2010). Wu and Zhang (2008)
found that during 1996–2006, permafrost temperature at 6 m below surface increased by 0.43 ◦C on
average along the Qinghai-Tibet railway. Snowfall is reported to have reduced along the large moun-
tain ranges in the northern TP (Cuo et al., 2013b). Glacial changes are found to be regionally speciﬁc and
are related to not only climate change but also the local topography (Xu et al., 2009), with the largest
and the smallest glacial retreat located in the southeast and interior TP, respectively, and advancement
in some glaciers in the western TP and the Pamir Plateau (Yao et al., 2012a).
Cryospheric changes will affect hydrological processes and streamﬂow, for example, frozen soil
degradation causes higher inﬁltration capacity and soil heat capacity but lower soil thermal conductiv-
ity as more ice becomes liquid (Cherkauer and Lettenmaier, 1999). The signiﬁcance of the cryospheric
change impacts on streamﬂow depends on the quantitative coverages of the components in a basin
and the relative contribution of each component to streamﬂow. Efforts are needed to quantify the
coverages of the components and the contribution of each component to streamﬂow as these are
not available for many basins on the TP (see Table 2). Also, more studies on cryospheric component
changes and their impacts on hydrological processes for all basins on the TP are needed to help water
resources management sector mitigate and adapt to climate change impacts in the region. Questions
like how much water can be released by frozen soil degradation and how changes in frozen soil affect
soil moisture, evapotranspiration, streamﬂow and other hydrological processes and water balance in
all basins on the TP remain to be answered.
For the aforementioned outstanding issues, one of the limiting factors is the availability of obser-
vations. Due to the harsh natural environmental conditions, many areas on the TP are not accessible
and in situ ﬁeld observations are difﬁcult and essentially impossible in some places. While sustained
efforts should be devoted to obtain existing observations from various sources, other methods such
as remote sensing should be explored and fully utilized for obtaining hydrological measurements.
Remote sensing appears to be an ideal tool for hydrological studies on the TP. Missions such as the
Surface Water and Ocean Topography (SWOT) and MODIS could have great potential for hydrological
application on the TP and should be explored with great effort.
5. Conclusions
The major rivers in Southeast and East Asia that originate from the TP can be categorized into
three groups depending on their ﬁnal destinations: the Paciﬁc Ocean directed rivers, the Indian Ocean
directed rivers, and the interior rivers. From the point of view of climate zones, the Paciﬁc Ocean
oriented rivers are mainly inﬂuenced by the East Asia monsoon in summer and the mid-latitude
westerlies in winter; the Indian Ocean oriented rivers are primarily affected by the Indian monsoon in
summer and westerlies in winter; while the interior rivers are to a certain degree westerly dominated
all year round. The classiﬁcation of the river basins based on climate zones contains uncertainties since
the TP is affected by numerous weather systems and it is difﬁcult to delineate the exact domain of
inﬂuence for each of the climate systems.
Streamﬂow change on the TP exhibits similar monthly patterns to those of precipitation and tem-
perature, high in the wet and warm season of May–October and peaking in July–August. The long
term streamﬂow trends vary among the basins on the TP. Even for the same river basin, the streamﬂow
trends could be different from sub-basins to sub-basins, and headwater region to downstream reaches
due to the differences in basin environmental settings, prevailing climate systems, components of and
contributions to streamﬂow. Spatially, streamﬂow is precipitation dominated in basins in the northern
(QMB), the eastern (YLR and YTR) and the southeastern (SWR and BPR) TP where the westerlies, the
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East Asia and South Asia monsoons exert dominant inﬂuence in weather and climate, respectively.
In the center (CTB) and west (TRB and IDR) of the TP where the westerlies prevail, either melt water
or groundwater, or the combination of both is the major contributor to streamﬂow. Human activities
have overwhelmed climate change impacts in the lower reaches of YLR, upper-middle reaches of TRM
and QMB.
Outstanding research topics that need to be addressed include the linkage between climate sys-
tems and streamﬂow, hydrological processes and water balances in river basins, and the impacts of
cyrospheric changes on hydrological processes. These research topics could facilitate the explanation
of the regional variations of streamﬂow and its change patterns as well as the understanding of the
water cycle and hydrological processes.
As a natural laboratory with many rivers and various land covers and complex terrain, the TP
provides challenges and opportunities as well as tremendous societal signiﬁcance especially in surface
hydrology. The hydrological studies on the TP would be both exciting and rewarding for hydrologists,
and concentrated and sustained efforts are needed to overcome the challenges.
Conﬂict of interest
None declared.
Acknowledgments
This study was supported by the National Basic Research Program (Grant No. 2013CB956004), by
the Hundred Talent Program granted to Lan Cuo by the Chinese Academy of Sciences, and by the
National Natural Science Foundation of China (Grant No. 41190083).
References
Asano, Y., Uchida, T., Ohte, N., 2002. Residence times and ﬂow paths of water in steep unchannelled catchments, Tanakami,
Japan. J. Hydrol. 261, 173–192.
Barnett, T.P., Adam, J.C., Lettenmaier, D.P., 2005. Potential impacts of a warming climate on water availability in snow-dominated
regions. Nature 438, 303–309.
Bing, L., Shao, Q., Liu, J., Zhao, Z., 2011. Runoff characteristic in ﬂood and dry seasons in source regions of Yangtze River and
Yellow River based on wavelet analysis. Sci. Geogr. Sin. 31 (2), 232–238 (in Chinese).
Cao, J., Qin, D., Kang, E., Li, Y., 2005. The change of streamﬂow of rivers on the Tibetan Plateau that ﬂow to the Paciﬁc and the
Indian oceans. Chin. Sci. Bull. 50 (21), 2403–2408 (in Chinese).
Chang, G., Li, L., Zhu, X., Wang, Z., Xiao, J., Li, F., 2007. Changes and inﬂuencing factors of surface water resources in the source
region of the Yellow River. Acta Geogr. Sin. 26 (3), 312–320 (in Chinese).
Chen, C., Guan, Z., 1989. The water resources of the Qiang-Tang Plateau and their development and use. J. Nat. Resour. 4 (4),
298–307 (in Chinese).
Chen, J., 2013. Water cycle mechanism in the source region of Yangtze River. J. Yangtze River Sci. Res. Inst. 30 (4), 1–5 (in
Chinese).
Chen, L., Liu, C., Hao, F., Dai, D., Liu, J., 2006. Impact of climate on runoff in the source regions of the Yellow River. Earth Sci.
Front. 13 (5), 321–329 (in Chinese).
Chen, Y., Cui, W.,  Li, W.,  Chen, Y., Zhang, H., 2003. Utilization of water resources and ecological protection in the Tarim River.
Acta  Geogr. Sin. 58 (2), 215–222 (in Chinese).
Chen, Y., Xu, Z., 2004. Possibile impacts of global warming on the streamﬂow of Tarim River. Sci. China Ser. D 34 (11), 1047–1053
(in  Chinese).
Chen, Y., Yang, K., Zhou, D., Qin, J., Guo, X., 2010. Improving the Noah land surface model in arid regions
with an appropriate parameterization of the thermal roughness length. J. Hydrometeorol. 11, 995–1006,
http://dx.doi.org/10.1175/2010JHM1185.1.
Chen, Y., Wang, W.,  Tao, C., Zhao, F., 2012. Climate change impacts on the streamﬂow in Yalong River basin. Yangtze River 43
(Suppl. (II)), 24–29 (in Chinese).
Cheng, G., Jin, H., 2013. Permafrost and groundwater on the Qinghai-Tibet Plateau and in northeast China. Hydrogeol. J. 21,
5–23.
Cherkauer, K.A., Lettenmaier, D.P., 1999. Hydrologic effects of frozen soils in the upper Mississippi River basin. J. Geophys. Res.
Atmos. 104 (D16), 19599–19610.
Cuo, L., Zhang, Y., Gao, Y., Hao, Z., Cairang, L., 2013a. The impacts of climate change and land cover/use transition on the hydrology
in  the upper Yellow River Basin, China. J. Hydrol. 502, 37–52.
Cuo, L., Zhang, Y., Wang, Q., Zhang, L., Zhou, B., Hao, Z., Su, F., 2013b. Climate change on the northern Tibetan Plateau during
1957–2009: spatial patterns and possible mechanisms. J. Clim. 26 (1), 85–109, http://dx.doi.org/10.1175/JCLI-D-11-00738.1.
L. Cuo et al. / Journal of Hydrology: Regional Studies 2 (2014) 49–68 65
Ding, Y., Liu, F., 1995. Effects of climatic change of water balance of Qinghai Lake basin for recent thirty years and possible
tendency. Sci. Geogr. Sin. 15 (2), 128–135 (in Chinese).
Ding, Y., Ye, B., Zhou, W.,  1999. Temporal and spatial precipitation distribution in the Heihe catchment, northwest China, during
the  past 40a. J. Glaciol. Geocryol. 21 (1), 42–48 (in Chinese).
Ding, Y., Ye, B., Han, T., Liu, S., Shen, Y., Xie, C., 2007. The regional differences in climate and streamﬂow change in western China
over  the past 50 years. Sci. China Ser. D 37 (2), 206–214 (in Chinese).
Dong, X., Yao, Z., Chen, C., 2007. Runoff variation and responses to precipitation in the source regions of the Yellow River. Resour.
Sci.  29 (3), 67–73 (in Chinese).
Fan, H., He, D., 2012. Regional climate and its change in the Nujiang River Basin. Acta Geogr. Sin. 67 (5), 621–630 (in Chinese).
FAO/IIASA/ISRIC/ISS-CAS/JRC, 2008. Harmonized World Soil Database (Version 1.0). FAO/IIASA, Rome, Italy/Laxenburg, Austria.
Fu, L., Chen, Y., Li, W.,  Xu, C., He, B., 2008. Inﬂuence of climate change on runoff and water resources in the headwaters of the
Tarim  River. Arid Land Geogr. 31 (2), 237–242 (in Chinese).
Fu, L., Chen, Y., Li, W.,  He, B., Xu, C., 2010. Relation between climate change and runoff volume in the headwaters of the Tarim
River during the last 50 years. J. Desert Res. 30 (1), 204–209 (in Chinese).
Fujita, K., Ageta, Y., 2000. Effect of summer accumulation on glacier mass balance on the Tibetan Plateau revealed by mass-
balance model. J. Glaciol. 46, 244–252.
Gao, X., Zhang, S., Ye, B., Jiao, C., 2010a. Glacier runoff change in the upper streamﬂow of Yarkant River and its impact on river
runoff during 1961–2006. J. Glaciol. Geocryol. 32 (3), 445–453 (in Chinese).
Gao, X., Ye, B.S., Zhang, S.Q., Qiao, C.J., Zhang, X.W., 2010b. Glacier runoff variation and its inﬂuence on river runoff during
1961–2006 in the Tarim River Basin, China. Sci. China Earth 53, 880–891, http://dx.doi.org/10.1007/s11430-010-0073-4.
Gao, Y., Cuo, L., Zhang, Y., 2014. Changes in moisture ﬂux over the Tibetan Plateau during 1979–2011 and possible mechanisms.
J.  Clim. 27, 1876–1893, http://dx.doi.org/10.1175/JCLI-D-13-00321.1.
Guan, Z., Chen, C., 1980. Streamﬂow and water resources in Tibetan Autonomous Region. Nat. Resour. 2, 25–35 (in Chinese).
Guan, D., Zhang, W.,  2004. Characterisitcs of the Che’erchen River, Xinjiang. J. Northwest Hydroelectr. Power 20 (4), 39–41 (in
Chinese).
Guo, D., Wang, H., Li, D., 2012. A projection of permafrost degradation on the Tibetan Platau during the 21st century. J. Geophys.
Res.  Atmos. 117, D05106, http://dx.doi.org/10.1029/2011JD016545.
Huang, J., Xu, Z., Gong, T., 2007. Characteristics and driving factors of the runoff variations in the Yarlung Zangbo River. J. China
Hydrol. 27 (5), 31–35 (in Chinese).
Huang, R., Zhou, D., 2012. The impact of climate change on the runoff of the Yellow River and ecosystem and frozen soil in its
source area. Chin. J. Nat. 34 (1), 1–9 (in Chinese).
Hudson, A.M., Quade, J., 2013. Long-term east-west asymmetry in monsoon rainfall on the Tibetan Plateau. Geology 41 (3),
351–354.
Huo, Z., Feng, S., Kang, S., Li, W.,  Chen, S., 2008. Effects of climate changes and water-related human activities on annual stream
ﬂows of the Shiyang river basin in arid north-west China. Hydrol. Process. 22, 3155–3167.
Immerzeel, W.W.,  Droogers, P., de Jong, S.M., Bierkens, M.F.P., 2009. Large-scale monitoring of snow cover and runoff simulation
in  Himalayan river basins using remote sensing. Remote Sens. Environ. 113, 40–49.
Immerzeel, W.W.,  van Beek, L.P.H., Bierkens, M.F.P., 2010. Climate change will affect the Asia water towers. Sciences 328,
1382–1385.
Jin, H., Wang, S., Lu, L., He, R., Chang, X., Luo, D., 2010. Features and degradation of frozen Ground in the sources area of the
Yellow River, China. J. Glaciol. Geocryol. 32 (1), 10–17 (in Chinese).
Jin, L., Qin, N., Mao, X., 2005. Features of runoff in the upper reaches of the Tongtian River and its climatic probability forecast
in  recent 45 years. Clim. Environ. Res. 10 (2), 220–228 (in Chinese).
Kang, E., Yang, Z., Lai, Z., 2000. Runoff of snow and ice melt water and mountainous rivers. In: Shi, Y. (Ed.), Glaciers and their
Environments in China – The Present, Past and Future. Science Press, Beijing, pp. 190–233 (in Chinese).
Li, H., Jiang, Z., Wei, W.,  2007. Drought and ﬂood change of Tarim River basin in recent 40 years. Sci. Geogr. Sin. 27 (6), 801–807
(in  Chinese).
Li, L., Wang, Z., Wang, Q., 2006. Inﬂuence of climatic change on ﬂow over the upper reaches of Heihe River. Sci. Geogr. Sin. 26
(1),  40–46 (in Chinese).
Li, L., Dai, S., Shen, H., Li, H., Xiao, J., 2012a. Response of water resources to climate change and its future trend in the source
region  of the Yangtze River. Acta Geogr. Sin. 67 (7), 941–950 (in Chinese).
Li, X., Ran, Y.H., Nan, Z.T., Jin, H.J., 2012b. A frozen ground distribution map  of China made by integrating existing permafrost
maps and modeling results. In: Ma,  W.,  Niu, F.J. (Eds.), Research Monograph of Cold and Arid Regions Engineering and
Environment: A Collection of the Papers Dedicated to the 70th Birthday of Academician Guodong Cheng. Lanzhou University
Press, Lanzhou, pp. 229–239 (in Chinese).
Li, Z.L., Xu, Z.X., Li, J.Y., Li, Z.J., 2008. Shift trend and step changes for runoff time series in the Shiyang River basin, northwest
China. Hydrol. Process. 22, 4639–4646.
Li, X., Yang, D., 2002. Analysis on the utilization efﬁciency of water resources in the upper reaches of Tarim River, Xinjiang. Arid
Zone  Res. 19 (1), 23–26 (in Chinese).
Li, Y., Li, X., Cui, B., Peng, H., Yi, W.,  2010. Trend of stream ﬂow in Lake Qinghai basin during the past 50 years (1956–2007) –
Take  Buha River and Shaliu River for examples. J. Lake Sci. 22 (5), 757–766 (in Chinese).
Lin, H., Wu,  Z., 2011. Contribution of the autumn Tibetan Plateau snow cover to seasonal prediction of North American winter
temperature. J. Clim. 24, 2801–2813.
Lin, X., Zhang, Y., Yao, Z., Gong, T., Wang, H., Liu, L., 2007. Trend analysis of the runoff variation in Lhasa River Basin in Tibetan
Plateau during the last 50 years. Prog. Geogr. 26 (3), 58–67 (in Chinese).
Liu, C., Su, W.,  Yang, Y., 2012. Impacts of climate change on the runoff and estimation on the future climatic trends in the
headwater regions of the Yellow River. J. Arid Land Resour. Environ. 26 (4), 97–101 (in Chinese).
Liu, S., Zhang, Y., Zhang, Y., Ding, Y., 2009. Estimation of glacier runoff and future trends in the Yangtze River source region,
China. J. Glaciol. 55 (190), 353–361.
Liu, T., 1999. Hydrological characteristics of Yalungzangbo River. Acta Geogr. Sin. 54 (Suppl.), 157–164 (in Chinese).
66 L. Cuo et al. / Journal of Hydrology: Regional Studies 2 (2014) 49–68
Liu, T., Fang, H., Willems, P., Bao, A.M., Chen, X., Veroustraete, F., Dong, Q.H., 2013. On the relationship between historical land-
use  change and water availability: the case of the lower Tarim River region in northwestern China. Hydrol. Process. 27,
251–261.
Liu, Y., Fan, N., An, S., Bai, X., Liu, F., Xu, Z., Wang, Z., Liu, S., 2008. Characteristics of water isotopes and hydrograph separation
during the wet season in the Heishui River, China. J. Hydrol. 353, 314–321.
Liu, Y., Hoskins, B., Blackburn, M.,  2007. Impact of Tibetan orography and heating on the summer ﬂow over Asia. J. Meteorol.
Soc.  Jpn. 85B, 1–19.
Lu, A., Jia, S., Yan, H., Yang, G., 2009. Temporal variations and trend analysis of the snowmelt runoff timing across the source
regions of the Yangtze River, Yellow River and Lancang River. Resour. Sci. 31 (10), 1704–1709 (in Chinese).
Ma,  Z., Kang, S., Zhang, L., Tong, L., Su, X., 2008. Analysis of impacts of climate variability and human activity on streamﬂow for
a  river basin in arid region of northwest China. J. Hydrol. 352 (3–4), 239–249.
Mamat, A., Halik, W.,  Yang, X., 2010. The climatic changes of Qarqan River Basin and its impact on the runoff. Xinjiang Agric.
Sci.  47 (5), 996–1001 (in Chinese).
Manabe, S., Broccoli, A.J., 1990. Mountains and arid climate of middle latitudes. Science 247, 192–195.
Mao, W.,  Sun, B., Wang, T., Luo, G., Zhang, C., Huo, L., 2006. Change trends of temperature, precipitation and runoff volume in
the  Kaxgar River Basin since recent 50 years. Arid Zone Res. 23 (4), 531–538 (in Chinese).
Meng, Y., Liu, G., 2013. Stable isotopic information for hydrological investigation in Hailuogou watershed on the eastern slope
of  Mount Gongga, China. Environ. Earth Sci. 69, 29–39.
Michel, R.L., 2004. Tritium hydrology of the Mississippi River basin. Hydrol. Process. 18, 1255–1269.
Milly, P.C.D., Dunne, K.A., Vecchia, A.V., 2005. Global pattern of trends in streamﬂow and water availability in a changing climate.
Nature 438, 347–350.
Molg, T., Masssion, F., Schere, D., 2013. Mid-latitude westerlies as a driver of glacier variability in monsoonal High Asia. Nat.
Clim. Change, http://dx.doi.org/10.1038/NCLIMATE2055.
Nan, S., Zhao, P., Yang, S., Chen, J., 2009. Springtime tropospheric temperature over the Tibetan Plateau and evolutions of the
tropical Paciﬁc SST. J. Geophys. Res. Atmos. 114, D10104, http://dx.doi.org/10.1029/2008JD011559.
Nie,  Z., Chen, Z., Shen, J., Zhang, G., Cheng, X., 2005. Environmental isotopes as tracers of hydrological cycle in the recharge area
of  the Heihe River. Geogr. Geo-Inform. Sci. 21, 104–108 (in Chinese).
Niu, Y., Zhang, X., 2005. Preliminary analysis on variations of hydrologic and water resources regime and its genesis of the
Yellow River source region. Yellow River 27 (3), 31–36 (in Chinese).
Niu, L., Ye, B.S., Li, J., Sheng, Y., 2010. Effect of permafrost degradation on hydrological processes in typical basins with various
permafrost coverage in Western China. Sci. China Earth Sci. 41 (1), 85–92, http://dx.doi.org/10.1007/s11430-010-4073-1
(in Chinese).
Palazzi, E., von Hardenberg, J., Provenzale, A., 2013. Precipitation in the Hindu-Kush Karakoram Himalaya: observations and
future  scenarios. J. Geophys. Res. Atmos. 118, 85–110, http://dx.doi.org/10./1029/2012JD018697.
Pu,  T., He, Y., Zhu, G., Zhang, N., Du, J., Wang, C., 2013. Characteristics of water stable isotopes and hydrograph separation
in  Baishui catchment during the wet season in Mt.  Yulong region, south western China. Hydrol. Process. 27, 3641–3648,
http://dx.doi.org/10.1002/hyp.9479.
Sabit, M.,  Tohti, A., 2005. An analysis of water resources and its hydrological characteristics of Yarkend River Valley. J. Xinjiang
Norm. Univ. 24 (1), 74–78 (in Chinese).
Shen, D., Chen, C., 1996. Water resources of the Tibetan Plateau. J. Nat. Resour. 11 (1), 8–14 (in Chinese).
Sorg, A., Bolch, T., Stoffel, M.,  Solomina, O., Beniston, M.,  2012. Climate change impacts on glaciers and runoff in Tien Shan
(Central Asia). Nat. Clim. Change, http://dx.doi.org/10.1038/nclimate1592.
Sun, B., Mao, W.,  Feng, Y., Chang, T., Zhang, L., Zhao, L., 2006. Study on the change of air temperature, precipitation and runoff
volume in the Yarkant River Basin. Arid Zone Res. 23 (2), 203–209 (in Chinese).
Sun, W.,  Cheng, B., Li, R., 2009. Multi-time scale correlations between runoff and regional climate variations in the source region
of  the Yellow River. Acta Geogr. Sin. 64 (1), 117–127 (in Chinese).
Tian, K., Liu, J., Kang, S., Campbell, I.B., Zhang, F., Zhang, Q., Lu, W.,  2009. Hydrothermal pattern of frozen soil in Nam Co lake
basin, the Tibetan Plateau. Environ. Geol. 57 (8), 1775–1784.
Tian, L., Yao, T., MacClune, K., White, J.W.C., Schilla, A., Vaughn, B., Vachon, R., Ichiyanagi, K., 2007. Stable iso-
topic  variations in west China: a consideration of moisture sources. J. Geophys. Res. Atmos. 112, D10112,
http://dx.doi.org/10.1029/2006JD007718.
Vache, K.B., McDonnell, J.J., 2006. A process-based rejectionist framework for evaluating catchment runoff model structure.
Water Resour. Res. 42, W02409, http://dx.doi.org/10.1029/2005WR004247.
Wang, B., Bao, Q., Hoskins, B., Wu,  G., Liu, Y., 2008. Tibetan Plateau warming and precipitation change in East Asia. Geophys.
Res.  Lett. 35, L14702, http://dx.doi.org/10.1029/2008GL034330.
Wang, G., Wang, J., Wu,  Y., 2002. Features of eco-environment changes in Heihe River basin over recent 10 years. Sci. Geogr.
Sin.  22 (5), 527–534 (in Chinese).
Wang, H., Li, D., 2011. Correlation of surface sensible heat ﬂux in the arid region of northwestern China with the northern
boundary of the East Asia summer monsoon and Chinese summer precipitation. J. Geophys. Res. Atmos. 116, D19114,
http://dx.doi.org/10.1029/2011JD015696.
Wang, J., 2007. Analysis of the characteristics of water resources in the Sanjiangyuan of Qinghai Province. J. Water Resour. Water
Eng. 18 (1), 90–94 (in Chinese).
Wang, J., Meng, J., 2008. Characteristics and tendencies of annual runoff variations in the Heihe River basin during the past 60
years. Sci. Geogr. Sin. 28 (1), 83–88 (in Chinese).
Wang, K., Cheng, G., Ding, Y., Shen, Y., Jiang, H., 2006. Characteristics of water vapor transport and atmospheric circulation for
precipitation over the source regions of the Yellow and Yangtze Rivers. J. Glaciol. Geocryol. 28 (1), 8–14 (in Chinese).
Wigley, T.M.L., Jones, P.D., 1985. Inﬂuence of precipitation changes and direct CO2 effects on streamﬂow. Nature 314,
149–152.
Wu,  Q., Zhang, T., 2008. Recent permafrost warming on the Qinghai-Tibetan Plateau. J. Geophys. Res. Atmos. 113, D13108,
http://dx.doi.org/10.1029/2007JD009539.
L. Cuo et al. / Journal of Hydrology: Regional Studies 2 (2014) 49–68 67
Xie, C., Ding, Y., Han, H., Wang, J., 2006a. Analysis on the runoff change and its response to the climatic factors at the source
regions of Yellow River. J. Arid Land Resour. Environ. 20 (4), 7–11 (in Chinese).
Xie, Z., Wang, X., Feng, Q., Kang, E., Li, Q., Cheng, L., 2006b. Glacial runoff in China: an evaluation and prediction for the future
50  years. J. Glaciol. Geocryol. 28 (4), 457–466 (in Chinese).
Xu, C., Chen, Y., Hamid, Y., Tashpolat, T., Chen, Y., Ge, H., Li, W.,  2009. Long-term change of seasonal snow cover and its effects
on  river runoff in the Tarim River basin, northwestern China. Hydrol. Process. 23, 2045–2055.
Xu, C., Fan, K., Xiao, T., 2010. The analysis of the characteristics and change of the streamﬂow in Jinsha River. Yangtze River 41
(7),  10–14 (in Chinese).
Xu, H., Ye, M.,  Song, Y., Wei, J., 2005. The dynamic variation of water resources and its tendency in Tarim River basin. Acta Geogr.
Sin.  60 (3), 487–494 (in Chinese).
Xu, P., Feng, Y., Yang, G., Wen, X., Wang, D., 2004. Study on changes of water environment in source regions of Yangtze River,
Yellow River, Lantsang River and its factors. J. Northwest Sci. Technol. Univ. Agric. For. 32 (3), 10–14 (in Chinese).
Xu, Z.X., Gong, T.L., Li, J.Y., 2008. Decadal trend of climate in the Tibetan Plateau – regional temperature and precipitation.
Hydrol. Process. 22, 3056–3065.
Yan, H., 2000. Preliminary study of the characteristics of surface water resources in the source region of the Yellow River. Water
Resour. Water Eng. 11 (1), 31–34 (in Chinese).
Yan, H., Jia, S., 2003. Hydrological elements change of Qinghai Province in past 50 years. J. Glaciol. Geocryol. 25 (2), 193–198 (in
Chinese).
Yanai, M.,  Li, C., Song, Z., 1992. Seasonal heating of the Tibetan Plateau and its effects on the evolution of the Asian summer
monsoon. J. Meteorol. Soc. Jpn. 70 (1), 319–351.
Yang, J., Ding, Y., Liu, S., Lu, A., Chen, R., 2003. Glacier change and its effect on surface runoff in the source regions of the Yangtze
and  Yellow rivers. J. Nat. Resour. 18 (5), 595–602 (in Chinese).
Yang, K., Ye, B., Zhou, D., Wu,  B., Foken, T., Qin, J., Zhou, Z., 2011. Response of hydrological cycle to recent climate changes in the
Tibetan Plateau. Clim. Change 109, 517–534, http://dx.doi.org/10.1007/s10584-011-0099-4.
Yang, M.,  Zhang, B., Wang, H., Yuan, J., 2009. The study on the change of mountainous runoff Heihe River basin from 1950 to
2004.  Resour. Sci. 31 (3), 413–419 (in Chinese).
Yang, Y., Chen, R., Ji, X., 2007. Variations of glaciers in the Yeniugou watershed of Heihe River basin from 1956 to 2003. J. Glaciol.
Geocryol. 29 (1), 100–106 (in Chinese).
Yang, Z., Yang, Z., Liang, F., Wang, Q., 1993. Permafrost hydrological processes in Binggou Basin of Qilian Mountains. J. Glaciol.
Geocryol. 15 (2), 235–241 (in Chinese).
Yao, T.D., Yao, Z.J., 2010. Impacts of glacial retreat on runoff on Tibetan Plateau. Chin. J. Nat. 32 (1), 4–8 (in Chinese).
Yao, T.D., Masson-Delmotte, V., Gao, J., Yu, W.,  Yang, X., Risi, C., Sturn, C., Werner, M.,  Zhao, H., He, Y., Ren, W.,  Tian, L., Shi, C.,
Hou, S., 2013. A review of climatic controls on 18O in precipitation over the Tibetan Plateau: observations and simulations.
Rev. Geophys. 51, http://dx.doi.org/10.1002/rog.20023.
Yao, T.D., Thompson, L., Yang, W.,  Yu, W.,  Gao, Y., Guo, X., Yang, X., Duan, K., Zhao, H., Xu, B., Pu, J., Lu, A., Xiang, Y., Kattel, D.,
Joswiak, D., 2012a. Different glacier status with atmospheric circulations in Tibetan Plateau and surroundings. Nat. Clim.
Change, http://dx.doi.org/10.1038/nclimate1580.
Yao, Z., Duan, R., Liu, Z., 2012b. Changes in precipitation and air temperature and its impacts on runoff in the Nujiang River
basin. Resour. Sci. 34 (2), 202–210 (in Chinese).
Yao, Y., Wang, R., Deng, Z., Yin, D., Zhang, X., Chen, C., 2007. Climate evolution and its impact on water resource change in main
runoff generating area of upper Yellow River: a case study on Gannan Plateau. J. Desert Res. 27 (5), 903–909 (in Chinese).
Ye, B., Han, T., Ding, Y., 1999. Some changing characteristics of glacier streamﬂow in northwest China. J. Glaciol. Geocryol. 21
(1),  54–58 (in Chinese).
Ye, M.,  Xu, H., Song, Y., Ahmait, N., 2006. Some problems and challenges about water resources utilization in the Tarim River
basin.  Arid Zone Res. 23 (3), 388–392 (in Chinese).
You, Q., Kang, S., Aguilar, E., Yan, Y., 2008. Changes in daily climate extremes in the eastern and central Tibetan Plateau during
1961–2005. J. Geophys. Res. Atmos. 113, D07101.
Yuan, W.,  Guo, Z., Wu,  J., Lou, Z., 2006. Analysis of water resources carrying capacity of Heihe river basin. Acta Ecol. Sin. 26 (7),
2108–2114 (in Chinese).
Zhang, G., Kang, S., Fujita, K., Huintjes, E., Xu, J., Yamazaki, T., Haginoya, S., Yang, W.,  Schere, D., Schneider, C.,
Yao,  T., 2013a. Energy and mass balance of Zhadang glacier surface, central Tibetan Plateau. J. Glaciol. 59,
137–148.
Zhang, L., Su, F., Yang, D., Hao, Z., Tong, K., 2013b. Discharge regime and simulation for the upstream of major rivers over Tibetan
Plateau. J. Geophys. Res. Atmos. 118, http://dx.doi.org/10.1002/jgrd.50665.
Zhang, S., Ding, Y., Lu, J., Liu, S., 2004a. Simulative study of water-heat process in the Tibetan Plateau (I): soil moisture. J. Glaciol.
Geocryol. 26 (4), 384–388 (in Chinese).
Zhang, S., Ding, Y., Lu, J., Liu, S., 2004b. Simulative study of water-heat process in the Tibetan Plateau (III): evaporation, short-wave
radiation and net radiation. J. Glaciol. Geocryol. 27 (5), 645–648 (in Chinese).
Zhang, S., Ding, Y., Lu, J., Liu, S., 2005. Simulative study of water-heat process in the Tibetan Plateau (II): soil temperature. J.
Glaciol. Geocryol. 27 (1), 95–99 (in Chinese).
Zhang, S., Hua, D., Meng, X., Zhang, Y., 2011a. Climate change and its driving effect on the runoff in the Three-River Headwaters
region. Acta Geogr. Sin. 66 (1), 13–24 (in Chinese).
Zhang, S., Ye, B., Liu, S., Zhang, X., Hagemann, S., 2011b. A modiﬁed monthly degree-day model for evaluating glacier runoff
changes in China. Part I: Model development. Hydrol. Process. 26, 1686–1696, http://dx.doi.org/10.1002/hyp.8286.
Zhang, S., Gao, X., Ye, B., Zhang, X., Hagemann, S., 2011c. A modiﬁed monthly degree-day model for evaluating glacier runoff
changes in China. Part II: Application. Hydrol. Process. 26, 1697–1706, http://dx.doi.org/10.1002/hyp.8291.
Zhang, X., Shen, B., Huang, L., 2007a. Study on the variation law of the annual runoff in Hotan River. J. Nat. Resour. 22 (6),
974–979 (in Chinese).
Zhang, Y., Liu, C., Tang, Y., Yang, Y., 2007b. Trends in pan evaporation and reference and actual evapotranspiration across the
Tibetan Plateau. J. Geophys. Res. Atmos. 112, D12110, http://dx.doi.org/10.1029/2006JD008161.
68 L. Cuo et al. / Journal of Hydrology: Regional Studies 2 (2014) 49–68
Zhang, Y., Ohata, T., Kadota, T., 2003. Land-surface hydrological processes in the permafrost region of the eastern Tibetan Plateau.
J.  Hydrol. 283, 41–56.
Zhang, Y., Liu, S., Xu, J., Shangguan, D., 2008. Glacier change and glacier runoff variation in the Tuotuo River basin, the source
region of Yangtze River in western China. Environ. Geol. 56, 59–68.
Zhang, Y.H., Song, X.F., Wu,  Y.Q., 2009. Use of oxygen-18 isotope to quantify ﬂows in the upriver and middle reaches of the
Heihe  River, Northwestern China. Environ. Geol. 58 (3), 645–653, http://dx.doi.org/10.1007/s00254-008-1539-y.
Zhang, Y.L., Cheng, G., Li, X., Han, X., Wang, L., Li, H., Chang, X., Flerchinger, G.N., 2012a. Coupling of a simultaneous heat and
water model with a distributed hydrological model and evaluation of the combined model in a cold region watershed.
Hydrol. Process. 27, 3762–3776, http://dx.doi.org/10.1002/hyp.9514.
Zhang, Y.Y., Zhang, S., Zhai, X., Xia, J., 2012b. Runoff variation in the three rivers source region and its response to climate change.
Acta Geogr. Sin. 67 (1), 71–82 (in Chinese).
Zhao, L., Ping, C.-L., Yang, D., Cheng, G., Ding, Y., Liu, S., 2004. Changes of climate and seasonally frozen ground over the past 30
years in Qinghai-Xizang (Tibetan) Plateau, China. Glob. Planet. Change 43, 19–31.
Zhao, W.,  Gao, Y., 2011. Analysis on annual and decadal runoff variation characteristics of Jinsha River basin. Yangtze River 42
(6),  98–100 (in Chinese).
Zhao, L., Yin, L., Xiao, H., Cheng, G., Zhou, M.,  Yang, Y., Li, C., Zhou, J., 2011. Isotope evidence for the moisture ori-
gin  and composition of surface runoff in the headwaters of the Heihe River basin. Chin. Sci. Bull. 56, 406–416,
http://dx.doi.org/10.1007/s11434-010-4278-x.
Zhao, Q., Ye, B., Ding, Y., Zhang, S., Yi, S., Wang, J., Shangguan, D., Zhao, C., Han, H., 2013. Couple a glacier melt model to the
Variable Inﬁltration Capacity (VIC) model for hydrological modeling in north-western China. Environ. Earth Sci. 68, 87–101,
http://dx.doi.org/10.1007/s12665-012-1718-8.
Zhou, C., Dong, S., 2002a. Characteristics of the Heihe water resources and water environmental protection. J. Nat. Resour. 17
(6),  721–728 (in Chinese).
Zhou, C., Dong, S., 2002b. Water quality of main rivers in the Qaidam Basin and water environmental protection. Resour. Sci. 24
(2),  37–41 (in Chinese).
Zhou, C., Jia, S., Yan, H., Yang, G., 2005. Changing trend of water resources in Qinghai Province from 1956 to 2000. J. Glaciol.
Geocryol. 27 (3), 432–437 (in Chinese).
Zhou, J., Shi, W.,  Shi, P., Kong, L., Jia, Z., 2012. Characteristics of mountainous runoff and its responses to climate change in the
upper reaches of Shiyang River Basin during 1956–2009. J. Lanzhou Univ. 48 (1), 27–34 (in Chinese).
Zhou, Y.W., Guo, D.X., 1982. Principal characteristics of permafrost in China. J. Glaciol. Geocryol. 4 (1), 1–19 (in Chinese).
Zhou, Y.W., Qiu, G.Q., Guo, D.X., Li, S.D., 2000. Frozen Ground in China. Science Press, Beijing, pp. 128–136 (in Chinese).
Zhu, Y., Chen, J., Chen, G., 2011. Runoff variation and its impacting factors in the headwaters of the Yangtze River in recent 32
years. J. Yangtze River Sci. Res. Inst. 28 (6), 1–4 (in Chinese).
